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Abstract

A novel fast proton-conducting silicophosphate-HEIGiP-HCIQ;) gel glass and SiP-HCla-alumina composite are successfully
fabricated. The fabricated inorganic composites show good thermal stability and stable conductivity upQopvHieh indicates a high
proton conductivity of over 2.6 10-2 S cni L. The high conductivity of the composites is attributed to the fast proton-conducting property
of the three-dimensional SiP-HCJ@el glass network which contains both trapped acid ions {C)J@s a proton donor and strongly
hydrogen-bonded hydroxyl groups combined to P—-O-Si bonds as proton conduction paths.
© 2004 Published by Elsevier B.V.
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1. Introduction temperatures (over 12C) and have complicated synthetic
procedure$2-8].

As the most practical fuel cell candidate, proton exchange To obtain high proton-conducting PEM materials that
membrane fuel cells (PEMFC) are receiving attention due have also high thermal stability, we have investigated the fab-
to their low operating temperature, non-production of,CO  rication of new types of proton-conducting inorganic com-
and suitability for electric vehicles. posites that consist of gel glass and alumina. Glasses are

In general, the electrolyte material in a PEMFC must be suitable materials for applications that require high ther-
[1]: (i) easily synthesized from available, low-cost starting mal stability, mechanical strength, visible transparency, and
materials; (ii) highly water-insoluble and film forming; (iii)  film formation. Protons in oxide glasses usually remain as
highly proton-conducting (>0.01Scmh); (iv) chemically X—OH groups (X= Si, P, etc.) in a glass structure when
stable to acids and free-radicals; (v) not permeable to re-glasses are prepared via a melting process in ambient atmo-
actant gases (H0y); (vi) thermally and hydroelectrically  sphere[9-11], while a significant contribution of residual
stable at high temperature (>120); and (vii) stable in H P—OH groups to electrical conduction is observed in phos-
fuel cells for 5000 h (for vehicle applications). phate glassefl2]. Hosono et al[13] showed that protons

A proton exchange membrane (PEM) in a PEMFC is an are the main charge carriers in phosphate glasses. The pro-
electronic insulator, but is also an excellent conductor of hy- ton conductivity in phosphate glasses fabricated by a melt-
drogen ions. A PEM is used in the form of a 50-208 ing process is, however, very low: (011 S cn1) because
thick film and acts as a gas separator and also as an elecef a low proton carrier density of about 1 motL. Sol—gel
trolyte. The electrolyte and electrodes are pressed togetheiderived alkaline phosphate glasses have been developed as
to produce a single membrane—electrode assembly (MEA).fast-proton conducting materials due to their large capacity
Membranes developed by DuPont (Nafiinseries) and  for hydroxyl groups. Despite the increased proton conduc-
Dow are most widely used. Both membranes consist of tivity, the alkaline phosphate glasses derived from a sol—gel
perfluorinated copolymers with sulfonic-acid functionalized process also have a limit in phosphate concentration due to
side-chains. These materials are, however, practical at highdecreasing mechanical strength and chemical stability with

increasing phosphorus concentrat[@#].
In this study, fast proton-conducting phosphate glasses
* Corresponding author. Tek:82-54-567-4365; fax:-82-54-467-4478,  Nave high proton density have been fabricated by incor-
E-mail address; yiprk@kumoh.ac.kr (K. Kobayashi). porating perchloric acid in silicophosphate gel glasses
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Fig. 1. Schematic diagram of SiP-HCj€alumina composite.

(SiP-HCIQy) through a sol-gel technique. It is difficult, phosphite (HPO(OgH7)2, 3 mol), and ethanol as starting
however, to form self-standing thin glass membranes due materials. After 30 min of stirring, 8 mol of HClDwas

to cracks caused by the large shrinkage that is inevitableadded to the starting solution. Then, 1.5 mol of distilled wa-
with a sol—gel process. In order to suppress crack formationter diluted with ethanol was added to the mixed solution for
and to form a self-standing membrane with high mechan- the hydrolysis reaction. The resulting solution was allowed
ical strength, porous sintered alumina is used as a matrixto gelate for 3 days at 2&, 15 RH% and then heat-treated
to contain the silicophosphate gel glagdg( 1). Through at 100°C for 2 h to obtain the gel glass sample.

multiple infiltration of the prepared sol into the porous alu-

mina, a proton conduction path is successfully formed in 2.2. Preparation of porous alumina

the continuous gel glass phase that fills in the pores of the ) _

alumina, and the resulting composite has almost the same Porous ApOs substrates were fabricated using commer-

conductivity as the SiP-HCIgel glass itself. cial fine a-Al,03 powder (Japan Catalytic Chemical Co.)
with a surface area of about 156 g L. 5wt.% polyviny-

lalcohol was added to the powder and it was pressed at

2. Experimental 200 kg cnT? to form pellets with a diameter of 12 mm and
a thickness of 1-2 mm. The pellets were heated at’&800
2.1. Preparation of precursor solution and gel glass to burn out the binder, and then sintered at 110dor 2 h.

The pore-size distribution of the fired samples was deter-
The SiP-HCIQ precursor solution was prepared by using mined by the mercury injection method (CARLO ELBA,
tetraethoxylsilane (TEOS, Si(Q85)4, 1 mol), di-isopropyl P0O2000).

Tetra-ethoxysilane(TEOS, 1M)

Di-isopropyl phosphite(3M)

Alumina powder
Ethanol

Ethanol
Polyvinylalcohol -
4—‘ (PVA, 5Wt%) ’ Sirring for
30min. 4—[ Perchloric acid  (8M) ]
A Dissolving
[ Pressing at 200kg/cm? ] for 1h. -
H,0 (1.5M) diluted
Hydrolysis il in Ethanol
[ Pre-heating at 500°C for 2h. ] Stirring for 3h.
A
- - * l SiP-HCIO, precursor sols
I Sintering at 1000°C for 2h. I
v

[ Porous Alumina substrate ]

l ,

[ Infiltration at 1.3x10° Pa

¢ Repeat (About X10)
[ Drying at 100°C for 1h.

Fig. 2. Flow diagram for fabrication of SiP-HC}©alumina composite.
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Fig. 3. Experimental set-up for measuring impedance spectra of SiPH@li@nina composite.

2.3. Preparation of composite performed in a test chamber (ISUZU Co.), and the conduc-
tivity at 20—200°C in ambient atmosphere was measured
Composite samples of the gel glass and alumina were pre-using the experimental set-up illustratedrig. 3.
pared by a multiple infiltration-drying process. Infiltration
of SiP-HCIQy precursor solution into the fabricated alumina
substrate was carried out under a reduced pressure of 1.3 3. Results and discussion
10° Pa, and then the composite sample was heated &C100

for 30 min. The infiltration-drying process was repeated un-  The fabricated porous alumina hasc#l,03 phase and
til the increase in the weight of the composite ceased. The 3 relative density of about 46%. The mean value of the

process is illustrated ifig. 2 pore size is about 80 nifi5]. The gel glass samples are
transparent and rigid, and the composite samples show good
2.4. Analysis mechanical strength and a glassy surface. The SiP-EHCIO

gel glass experienced several cracks on the surface during the

FT-IR absorption spectra were obtained with a spectrome- drying process, which resulted in a breakdown into several
ter (Perkin-Elmer model Spectrum BX) at room temperature pieces.
to analyze the bond structure of hydroxyl groups and water. The fractured surface of the porous alumina substrate is
A field emission scanning electron microscopy (FE-SEM, shown inFig. 4(a) Fractured surfaces of the composite sam-
Hitachi model S4100) was used to examine the microstruc- ples after 7 and 10 applications of the infiltration process
tures. Thermogravimetric and differential thermal analysis are shown inFig. 4(a) and (b)respectively. On repetition
(TG/DTA) was performed under an ambient atmosphere, us-of the infiltration process, the pores in the alumina substrate
ing a TG/DTA model 320 instrument (Seiko Electron Co.), are three-dimensionally filled with SiP-HC}@el glass.
and over a temperature range of 20-3CG0 A heating rate The TG/DTA analysis of the dried composite measured
of 5°C min~! was used to analyze the thermal stability. The in the temperature range from 20 to 5@ with a heating
conductivity of all samples was obtained from Nyquist plots rate of 5°C min~! is shown inFig. 5. A slight exothermic
produced by an impedance analyzer (HP4192A impedanceincrease is observed at 20-2%7 with an accompanying
Analyzer, Hewlett Packard Co.). The test cells were formed weight loss. The total weight loss is very small (about 4%),
by sandwiching each sample between blocking electrodes ofand takes place in two steps. The exothermic increase in
platinum plates. A frequency range of 5Hz to 13MHz and a the DTA at 20-110C is attributed to the accelerated poly-
peak-to-peak voltage of 10 mV were used for the impedance merization reaction of the remaining reactant alkyl groups
measurements. All the test cells were equilibrated for 2 h of alkoxides or P—-OH groups to form metal-oxygen bonds.
at each temperature and humidity prior to impedance mea-The 2% of decrease in TG is due to evaporation of alcohol
surement. Experiments at different relative humidity were or water biproduct and adsorbed surface water. The weight
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Fig. 5. DT/TGA analysis of composite.

been reported that protons in band-2 are much more mobile
than those in band-IL8]. These two bands together with an
absorption peak at1600 cnt! due to molecular water are
observed in the IR patterns of both the gel and the compos-
ite. The generalized absorbance intensities of both samples
are illustrated inFig. 6(b) There is a large decrease in ab-
sorbance intensity around band-1 (about 18%) and band-2
(about 20%) in the pattern for the composite compared with
that for the gel glass, while a small decrease (about 3%) by
water is detected. This behavior of the composite indicates
a decrease in the proton-conducting part by introducing the
insulating alumina matrix.

The weight change by water absorption in the gel glass
and the composite at different value of relative humidity
and at 80 C is shown inFig. 7(a) The weights at zero rel-
ative humidity were measured using samples heat-treated
at 110°C for 2h and then were used as criteria to plot
the weight change. With increasing relative humidity up to
99 RH%, the weight of both the gel glass and the compos-
ite increased exponentially up 33 and+16%, respec-
tively. Nyquist plots of the composite at different levels of
relative humidity are presented Fig. 7(b) The electrical
resistance of the composite decreases as the relative humid-
ity increases, and the conductivity versus relative humidity
plot is in good accordance with the weight versus relative
humidity plots Fig. 7(c). The weight change versus rela-
tive humidity plot of the composite exhibits a pseudo-linear
region at 20—99 RH% that fits the equation:

Fig. 4. Scanning electron micrographs of fabricated composite.

loss at 110-257C may be due to partial decomposition of
perchloric acid that resides in open pores near the surface.

FT-IR patterns for the gel glass and composite are shown log W = { log W2 — log W1 } Hr + log Wo @
in Fig. 6(a) Scholzg16,17]found that there are three main Hro — Hr1
IR absorption bands due to hydroxyl groups in glasses, i.e. Hg log W

band-1 in the range of 3640-3900th band-2 around =
2900 cntl, and band-3 at 2340 cth. The existence of the 1Rz~ HR1 109 W2 —log W1
band-3 is not conformed, however, as various absorptionwhereW and Hr represent the increased weight (%) and
bands due to network formers overlap in the redib$17] relative humidity (RH%), respectively; 10 is the weight
Band-1 is due to hydrogen-bond-free hydroxyl groups, and change at 0 RH%, that is, log 1. The proton conductivity ver-
band-2 to strongly-hydrogen-bonded hydroxyl groups. It has sus weight change plot of the composite can be transformed

&)
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Fig. 6. (a) FT-IR patterns and (b) absorbance intensity of gel and composite.
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Fig. 8. Nyquist plots and calculated conductivities of composite at different temperatures: (a)°20«4BD 100-140C, (c) 150-190C.

into a linear function of weight change by derivation from

Egs. (1) and (2) 50°C 1o|o°c 150°C 200°C
1 | |
—_—
lo —lo
logo = {%}HR_HOQUO —_— o-00-0 OO 0ong |
1090 — logonlog W s
o] —lo 0 9 .00 000
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whereo represents the conductivity of the composite. The § k.
value ofaandb are calculated from experimental results and 2
are 2.6552 and-4.8239, respectively. The calculated plots = A - a
. o ; SiP-HCIO, gel ®
from Eq. (3) are well-matched with the measured conduc- e : Composite
tivity of the composite, and show a large increase from 5 -53 e é s 2'5 e

10°to 2 x 10-2Scnt ! as the weight increasesig. 7(d).
From the above results, it is clear that the weight increase
of the composite is due to absorbed water, and that the water Fig. 9. Arrhenius plots of gel and composite.

10°T (1/ K)
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Fig. 10. Schematic diagram of proton-conduction path in molecular structure of SiPsH@lQlass.

directly contributes to a large increase in the proton conduc- molecular water that is contained in the gel structure also
tivity. The high absorption ability of the gel glass is due to: provides high proton mobility, and therefore, contributes to
(i) the formation of phosphate groups that have high reactiv- an increase in proton conductivity. According to Al28],
ity with water; (ii) the mesoporous structure of the sol-gel the activation energies for the dissociation or ionization of
derived gel glass and alumina substrate that has a large surprotons in hydroxyl groups are essentially the same when
face area and results in a high capillary force. the values forupon(peak wavenumber of the IR absorption
Nyquist plots and calculated conductivities of the com- band due to fundamental O—H stretching vibration) are
posite at different temperature are giverrig. 8. To make the same, but the activation energies for transport (proton
the measuring atmosphere resemble an actual MEA of ahopping) are different. That is, the activation energy for
standard PEMFC stack, no pressure was engaged and the hiropping through molecular water is much less than that
midifier temperature was fixed at 110. As the measuring  through non-bridging oxygen. The improved proton mobil-
temperature is increased from 20 to°@Q) the conductivity ity by molecular water may be another advantage of sol-gel
largely increases from 5.3 1073 to 2.0 x 102Scntl. derived proton conducting glasses.
In the temperature range of 100—140 however, the con-
ductivity displays on a very small change, i.e. %6102
to 3.0 x 1002Sm L. Then, a large decrease of conduc-
tivity is observed as the temperature is increased further.
The conductivity falls drastically from 1.0& 102 to 1.04
x 10~4Scnt? on increasing the temperature from 150 to

190°C. This decrease in conductivity is due to the fast evap- high thermal stability and also high proton conductivity.

oration of absorbed water that results in the breaking of The oroton conductivities of the el alass and the cOMDoS-
proton-conducting paths and a consequent decrease in pro- P gel g P

ton mobility. The conductivity of the composite exhibited ite ir_lc_rease up to abput 400-fold with increasir_lg_ relati_ve
good reproducibility during repeated experiments performed humidity. The compgsn_e shows a stable conductivity region
at 20-200C. Therefore, the decrease in conductivity over gt 100-140C, and indicated that the proton conductivity

140°C is attributed to a decrease of water content, and not:)sf ?%lsrc%rixoii?e i? (érlzre .toT?hee hrllgrr;opsrtcr) Lc::?ufgn\?vl#i:(t:?]mgon-
to thermal decomposition of the components. P ’

Arrhenius plots of the gel glass and composite are shown ggss?r%t: ':raﬁpgflo Sgg?biﬁgj d(ﬂc‘:‘j&is Ia ?cr)cL)]to; csc?;g:iie d
in Fig. 9 The conductivity of the gel glass is about an gly hydrog y y! group

order of magnitude larger than that of the composite over to P-O-Si oxide bongis as proton conductlpn paths. T.he
the given temperature range. The relatively low conductiv- molecular water contained in a gel structure s also consid-
ity of the composite is attributed to the insulating alumina gred to provide high proto'n'mob|l|ty, which results in an
matrix. The obtained high conductivity of the gel glass indi- increase of proton conductivity.

cates that proton conduction paths are successfully formed

through the SiP-HCI@® which contains both the trapped References
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